Abstract: Air pollution is a serious problem brought by the rapid urbanization and economic development in China, imposing great challenges and threats to population health and the sustainability of the society. Based on the real-time air quality monitoring data obtained for each Chinese city from 2013 to 2014, the spatiotemporal characteristics of air pollution are analyzed using various exploratory spatial data analysis tools. With spatial econometric models, this paper further quantifies the influences of socioeconomic factors on air quality at both the national and regional scales. The results are as follows: (1) From 2013 to 2014, the percentage of days compliance of urban air quality increased but air pollution deteriorated and the worsening situation in regions with poor air quality became more obvious. (2) Changes of air quality show a clear temporal coupling with regional socioeconomic activities, basically "relatively poor at daytime and relatively good at night". (3) Urban air pollution shows a spatial pattern of "heavy in the east and light in the west, and heavy in the north and light in the south". (4) The overall extent and distribution of regional urban air pollution have clearly different characteristics. The formation and evolution of regional air pollution can be basically induced as "the pollution of key cities is aggravated-pollution of those cities spreadsregional overall pollution is aggravated-the key cities lead in pollution governance-regional pollution joint prevention and control is implemented-regional overall pollution is reduced". (5) At the national level, energy consumption, industrialization and technological progress are the major factors in the worsening of urban air quality, economic development is a significant driver for the improvement of that quality. (6) Influenced by resources, environment and the development stage, the socioeconomic factors had strongly variable impacts on air quality, in both direction and intensity in different regions. Based on the conclusion, the regional differentiation and development idea of the relationship between economic development and environmental changes in China are discussed.
Introduction
From 1978 to 2012, China's GDP increased from 364.5 billion to 51.8942 trillion RMB yuan, with an annual growth rate of 9.98%. Its urbanization rate increased from 17.92% to 52.57%, with an annual growth rate of 0.96%. Economic development and promotion of urbanization has supported the rapid accumulation of material wealth over a short period and substantial improvement of people's life. However, it has also caused severe ecological environment problems in many regions of urbanization, especially composite atmospheric pollution problems, such as dust haze and photochemical smog (Adams et al., 2005; Amos et al., 2010) . From late 2011 to early 2012, hazy weather was observed for the first time in East and Central China, and the worst pollution since historical observation began occurred in 2013 (Anselin, 1988) . This has materially affected the atmospheric environment and public health in cities and other areas (Anselin and Kelejian, 1997; Chameides et al., 1999) , and atmospheric pollution has become a major hindrance to the sustainable development of cities in the country (Chan and Yao, 2008) . Scientific understanding the characteristics and driving forces of urban atmospheric pollution would provide a reference for formulating and implementing regional preventive measures.
Research by geographers into urban air quality has focused on two aspects. One is the change characteristics of air quality. Such research already covers all spatial dimensions, including most cities nationwide (Cliff and Ord, 1982; Damodar, 2013) , typical city clusters (Fang and Wang, 2011; Grossman and Krueger, 1992) , and individual cities (Han et al., 2014; Huang and Fang, 2003) . However, this study lacks comparative analysis on different spatiotemporal scales. Zhao et al. compared differences of air quality between cities and countryside (Huang et al., 2009) , and Wang et al. analyzed changes of urban air quality during major festival activities (Hyslop, 2009 ). According to the latter authors, regional differentiation of air pollution intensity is mainly caused by unbalanced urbanization. In regions with rapid urbanization and heavy population, air pollution is much greater than in regions with less urbanization (Li et al., 2012) . Because of this, the eastern coastal regions of China have become the focus of research (Li, 2011; Luo et al., 2000; Ma and Zhang, 2014; Panayotou, 2001; Patton et al., 2014; Peng et al., 2016; Pope and Dockery, 2006) . The other research aspect is one that emphasizes influential factors. Natural factors mainly include meteorological conditions (Qiao et al., 2015; Sarrat et al., 2006) , wind fields (Tian et al., 2014) , sandstorms , fog (Wang and Liu, 2016) , and urban heat island effects . Social and economic factors mainly include economic growth (Wang et al., 2014; Wang and Hao, 2012) , urbanization (Wang et al., 2005) , industrial development (Wang et al., 2001) , transport (Wang et al., 2008) , energy structure , and oil price changes (Wing, 2008) . However, current research often ignores the influences direction and intensity differentiation of various factors on air quality in different regions. The theoretical significance of targeting this issue is exploration of the evolution and inherent mechanism of the human-earth relationship, and the realistic significance is to provide a scientific basis for formulating air pollution prevention and control measures according to circumstances.
Research regions and methods

Research regions and data sources
In 2012, China published new Ambient Air Quality Standards (GB3095-2012), with air quality monitoring data changed from Air Pollution Index (API) to Air Quality Index (AQI). In 2013, 74 cities in the country were monitored for air quality according to the new standard. This number increased to 161 in 2014. These cities are the major research objects of the present paper. Atmospheric pollution has characteristic for regional dissemination and the air quality of individual cities is affected by pollution from adjacent cities (Li et al., 2011; Wu et al., 2011) . To discover the overall pattern of urban air quality in China, we divided the 161 cities by region (Figure 1 ). Because Haikou and Sanya are on an island to the south of China and Lhasa is on the Qinghai-Tibet Plateau, the influence of socioeconomic activities in the major urbanization regions of China on the air quality of those three cities is extremely weak. Therefore, those cities were not classified into any region. 
Spatial effect check model of air quality
Global autocorrelation model
The global autocorrelation model is used to describe the overall distribution of urban air quality changes for determining whether urban air quality changes have any spatial clustering. The common test statistic is Global Moran's I (Xi and Liang, 2015; Xu et al., 1999) , calculated by
where x i and x j are air quality observation values of cities i and j; n is the total number of cities; W ij is the spatial weight, defined by adjacency criteria, i.e., when i and j are adjacent, W ij =1, otherwise W ij =0; i=1, 2,…, n; j = 1, 2, …, m; x is the mean of x. The value of Global Moran's I ranges from −1 to 1, With I, it is possible to ascertain the clustering level of urban air quality. I > 0 indicates spatially positive correlation, i.e., the regional urban air quality shows a clustered distribution. I < 0 indicates spatially negative correlation, i.e., that quality shows a scattered or even distribution. I = 0 indicates no spatial correlation, i.e., the quality shows an irregular random distribution. Significance can be tested using the standard statistic Z test, with its calculation as follows.
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When a 95% confidence level is selected, |Z| > 1.96, indicating significant spatial autocorrelation.
Local autocorrelation model
Local autocorrelation indicates correlation between the air quality of one regional unit and that of an adjacent unit, with the calculation as follows.
where, x i and x j are the air quality observations of cities i and j; n is the number of cities; W ij is the spatial weight; i=1, 2, …, n; j = 1, 2, …, m; m is the number of cities geographically adjacent to city i. The spatial association modes of local autocorrelation include four types, HH, HL, LH and HL, for which the spatial meaning is respectively: HH (LL) cluster type means local Moran's I is a positive value, indicating positive spatial autocorrelation between the air quality of a city and its adjacent cities, i.e., cities of high (low) air quality cluster spatially; HL (LH) cluster type means local Moran's I is a negative value, indicating negative spatial autocorrelation between adjacent cities, i.e., cities of high (low) air quality surrounded by cities of low (high) air quality.
Urban air quality driving force model based on spatial effect
Setting of basic model
According to available theories and empirical research findings, by selecting the population density (X 1 ), per capita GDP (X 2 ), urbanization level (X 3 ), ratio of industrial output in GDP (X 4 ), total energy consumption (X 5 ), total civil vehicles automobiles (X 6 ), ratio of environmental protection investment in GDP (X 7 ), and ratio of R&D expenditures in GDP (X 8 ), we explore the influence of population clustering, economic development, urbanization, industrialization, energy consumption, social development, environmental regulation and technological progress on urban air quality changes. In view of the long-term process of regional development, a nonlinear inverted "U-shaped" curve relationship is observed between economic development, urbanization and the ecological environment (Wang et al., 2014; Wang and Hao, 2012; Xu et al., 2005) . According to the current development stage in China, we primarily assumed that within a short period, population clustering, economic development, urbanization, industrialization, social development, environmental regulation and technological progress are linearly correlated with urban air quality. Based on the above, the basic analytical model is established as follows. lnY = α 0 +α 1 lnX 1 +α 2 lnX 2 +α 3 X 3 +α 4 X 4 +α 5 lnX 5 +α 6 lnX 6 +α 7 X 7 +α 8 X 8 +ε (4) where Y is the Air Quality Index (AQI); X 1 ,…, X 8 are sequentially the population density, per capita GDP, urbanization level, ratio of industrial added-value in GDP, total energy consumption, total private automobiles, ratio of environmental protection investment in GDP, and ratio of R&D expenditures in GDP; α [α 0 , α 1 , …, α 8 ] is the model parameter to be estimated; ε is stochastic error of the model, subject to normal distribution N(0, σ 2 ). The natural logarithm is taken for AQI, population density (X 1 ), per capita GDP (X 2 ), total energy consumption (X 5 ), and total private automobiles (X 6 ), to reduce the effect of heteroscedasticity on model estimates (Yang et al., 2014) .
Setting of spatial effect model
In actuality, urban air quality is not a completely independent observation, the change of which is subject to surrounding areas, so the spatial effect cannot be ignored. Econometric regression models with consideration of spatial effects include two types, the Spatial Lag Model (SLM) and Spatial Error Model (SEM) (Zakey et al., 2006) . To select a spatial model, it is necessary to estimate the constraint model, with consideration of spatial correlation using the least-square method (OLS) and model selection by comparing the significance of the Lagrange multiplier. If the Lagrange multiplier LM (lag) is statistically more significant than LM (error) and R-LM (lag) is more significant than R-LM (error), we select the spatial lag model for analysis. The expression of the spatial lag model based on the basic model is lnY = ρWY+α 0 +α 1 lnX 1 +α 2 lnX 2 +α 3 X 3 +α 4 X 4 +α 5 lnX 5 +α 6 lnX 6 +α 7 X 7 +α 8 X 8 +ε (5) where Y is the AQI; ρ is the spatial regression coefficient; W is the spatial weight matrix of order n × 1; X 1 ,…, X 8 are eight independent variables; α [α 0 , α 1 , …, α 8 ] is the model parameter to be estimated; ε is the stochastic error.
If LM (error) is statistically more significant than LM (lag) and R-LM (error) is more significant than R-LM (lag), we select the spatial error model for analysis. The expression of the spatial error model based on the basic model is lnY = α 0 +α 1 lnX 1 +α 2 lnX 2 +α 3 X 3 +α 4 X 4 +α 5 lnX 5 +α 6 lnX 6 +α 7 X 7 +α 8 X 8 +ε (6) ε = λWε+μ (7) where Y is the AQI; λ is the spatial error coefficient; W is the spatial weight matrix of order n × 1; X 1 ,…, X 8 are eight independent variables; α [α 0 , α 1 , …, α 8 ] is the model parameter to be estimated; ε is the stochastic error; μ is the stochastic error vector of a normal distribution.
Owing to the endogeneity of spatial regression model independent variables, the maximum likelihood method is used to estimate the model parameter. Both the spatial distance weight is calculated and spatial model run in GeoDa software (Zakey et al., 2006) .
Analysis of findings
3.1 Spatiotemporal evolution characteristics of urban air quality in China 3.1.1 The urban air quality is worsening overall and there is an obvious deteriorating trend of high-pollution regions By comparing AQCI of 74 cities in 2013 and 2014, we analyzed the annual change characteristics of urban air quality. Nationally, the annual mean of AQCI in 2013 was 4.46, which rose to 6.08 in 2014. Comparing the monthly mean of the two years, it declined slightly only in January and rose clearly in other months, indicating an overall worsening trend of air quality of the 74 cities. The monthly change of AQCI in the two years was basically similar. The January mean was the maximum in the year, after which it decreased continually, with minima in August and September and then monthly increase thereafter. Regionally, the annual mean of AQCI for 11 regions in 2014 was larger than that in 2013. All monthly means of four regions, the Pearl River Delta, Nanning-Guiyang-Kunming, Changjiang River Upstream and West Coast of the Straits, were larger than those of the same months in 2013 (Figure 2 ). Regional monthly means of AQCI were also basically in line with the pattern of "high in winter and low in summer, declining in spring and rising in autumn. Comparing annual means of AQCI by region, regions with large values were Beijing, Tianjin and Hebei, the Shandong Peninsula, Northeast China, and Yellow River Midstream. Regions with small values include the Pearl River Delta, West Coast of the Straits, and Nanning-Guiyang-Kunming. This reveals that the air quality of the northern regions is poorer than that of the southern regions. The error coefficient was used to measure the change of AQCI annual means in 11 regions. The poorest air qualities were in the order of Northeast China (0.6063), Northwest China (0.5221), Beijing-Tianjin-Hebei (0.4897), West Coast of the Straits (0.4882), Shandong Peninsula (0.4615), Changjiang River Delta (0.4333), and Yellow River Midstream (0.4040), mainly in regions of high AQCI. In other words, in regions with more serious air pollution, the worsening trend was more obvious.
The percentage of days compliance of urban air quality increased but air pollution deteriorated
In 2013, the percentage of average days of compliance in cities nationwide was 60.5%, with light and medium pollution days constituting 30.90% and heavy and serious pollution 8.6%. In 2014, that percentage was 66.03%, an increase of 5.53% compared with 2013, with light and medium pollution contributing 28.37% and heavy and serious pollution 5.6%. Comparing the two years, pollution days declined for all grades, with increases of compliance days of air quality and of the percentage of compliance days. However, the annual mean of national AQCI in 2014 rose somewhat in comparison with 2013, indicating that pollution increased and weather of heavy pollution was not under effective control.
According to the Technical Regulation on Ambient AQI (on Trial) (HJ633-2012), the index includes six grades: 0 < AQI < 50, air quality is excellent; 51 < AQI <100, air quality is fine; 101 < AQI < 150, air quality is slight pollution; 151 < AQI <200, air quality has medium pollution; 201 < AQI < 300, air quality has heavy pollution; AQI > 300, air quality has serious pollution. By determining the percentage of annual days of various pollution grades by region from January to December 2014 (Figure 3) , it may be seen that the regions with larger percentages of pollution days among total annual days were sequentially Beijing-Tianjin-Hebei, Shandong Peninsula, Yellow River Midstream, Changjiang River Midstream, Northwest China, Changjiang River Upstream, Changjiang River Delta, Northeast China, Nanning-Guiyang-Kunming, Pearl River Delta and West Coast of the Straits, with 66.58%, 64.93%, 44.93%, 38%, 37%, 31%, 30.14%, 29.04%, 14%, 9.32% and 4%, respectively. The percentage of pollution days in the Beijing-Tianjin-Hebei region by grade was higher than the national average, and it was the region with most serious pollution in China. It was followed by the Shandong Peninsula, with the percentage of pollution days by grade only 2.47% lower than Beijing-Tianjin-Hebei.
3.1.3
Changes of urban air quality show certain temporal coupling with regional socioeconomic activities
To minimize the impact of spring sandy and dusty weather, summer rainfall and winter northern heating, taking October 2, 2014 as an example, we analyzed the 24-hour change of urban air quality by region (Figure 4) . According to the all-day AQI change curve, the 11 regions can be classified into two types. One is regular change, characteristic of regional production and life activities as "work from dawn to dusk," with urban air quality basically "relatively poor at dawn and relatively good at dusk". Such regions mainly include Beijing-Tianjin-Hebei, Changjiang River Delta, Pearl River Delta, Northeast China, West Coast of the Straits, and Nanning-Guiyang-Kunming. From 06:00 to 08:00 and 18:00 to 20:00, owing to the impact of heavy travel to and from the office, the urban AQI continually increased. For regions such as Beijing-Tianjin-Hebei, Changjiang River Delta, and Pearl River Delta, the all-day AQI peak was from 08:00 to 09:00. For the West Coast of the Straits, that peak was at 14:00. For regions such as Northeast China and Nanning-Guiyang-Kunming, the peak was at 23:00. The other was the type of exceptional change, mainly including such regions as the Shandong Peninsula, Changjiang River Midstream, Yellow River Midstream, Northwest China, and Changjiang River Upstream. For the regions of this type, during peak hours of travel, the change of AQI was not as prominent and for most, the all-day AQI peak appeared around midnight, at 24:00-02:00 in regions such as the Shandong Peninsula, Changjiang River Midstream, and Yellow River Midstream. The Shandong Peninsula, Changjiang River Midstream, Yellow River Midstream and other regions are key cluster regions of heavy and chemical industry along the coast and rivers of China. There, owing to pressure for emissions reduction, industrial production activities are frequent during the night and such increased industrial emissions may a factor causing the urban air quality decline.
3.1.4
Urban air pollution shows a spatial pattern of "heavy in the east and light in the west, and heavy in the north and light in the south," and regional integration is obvious Comparative analysis of the spatial distribution of AQI means in 161 cities nationwide in 2014 shows an overall a situation of gradual decrease from coast to interior and from north to south, with cities of large values clustered along the eastern coast and Yellow River, with the maximum in the region of Beijing-Tianjin-Hebei ( Figure 5 ). In eastern coastal regions with relatively serious pollution, the AQI of cities near the sea is smaller than that of cities farther from the sea. For instance, the AQI of Tianjin is smaller than that of Beijing and Shijiazhuang, and the AQI of Shanghai is smaller than that of Nanjing and Hangzhou. The AQI of Zhuhai and Shenzhen is smaller than that of Guangzhou, indicating that the coastal environment has a major influence on urban air quality. The global autocorrelation analysis was conducted for the air quality of 161 cities (Figure 6 ). Moran's I was 0.6621, and the 0.05-level significance test indicates a significant positive correlation of urban air quality in China, i.e., the Figure 5 Spatial patterns of AQI in Chinese cities in 2014 AQI distribution shows an obvious clustering situation in which largevalue regions are adjacent to each other, as are small-value regions. After further analysis of spatial local autocorrelation (Figure 7) , we determined that Beijing-Tianjin-Hebei, Shandong Peninsula, Liaodong Peninsula and Central China city clusters were central areas of AQI HH "hot points". The Pearl River Delta, West Coast of the Straits, and Hainan are central regions of LL "cold points". Small-value areas surrounded by large-AQI areas (LH "heterogeneous points") were rare, mainly around Beijing-Tianjin-Hebei and the Shandong Peninsula. Large-value areas surrounded by small-AQI areas (HL heterogeneous points) were mainly in Nanning-Guiyang-Kunming and the Changjiang River Delta. Obviously, regional integration of urban atmospheric pollution in China is significant, and it is increasingly important to implement regional joint prevention and control in atmospheric pollution governance. Figure 8 shows an AQI box distribution diagram of cities by region in 2014. According to AQI scatter and distribution, urban air quality distributions are classified into six categories, as follows: Category I: Beijing-Tianjin-Hebei, in which the mean of urban AQI was first among all the 11 regions, indicating substantial overall pollution. The AQI for most cities was larger the mean AQI, revealing significant integration of regional atmospheric pollution; Category II: Shandong Peninsula, for which the mean urban AQI was second to Beijing-Tianjin-Hebei. This also indicates substantial overall pollution. The AQI for most cities was smaller than the mean AQI, indicating a significant impact of a limited number of cities with serious pollution on regional air pollution; Category III: Northeast China and Changjiang River Upstream, for which the mean urban AQI was relatively large and the numbers of cities above and below the mean were nearly the same; Category IV: Changjiang River Midstream and Northwest China, for which the mean urban AQI was relatively large and the AQI for most cities was larger than the mean AQI; Category V: Changjiang River Delta and Yellow River Mid-stream, for which the mean of urban AQI was relatively large and the AQI for most cities was smaller than the mean AQI; Category VI: Pearl River Delta, Nanning-Guiyang-Kunming and West Coast of the Straits, where atmospheric pollution was relatively weak.
Overall extent and distribution of regional urban air pollution have obviously different characteristics
Socioeconomic drivers for evolution of urban air quality in China
Analysis of socioeconomic factors for evolution of urban air quality
Using AQIs of 161 cities in 2014 and socioeconomic data of various cities in 2013, we analyzed the socioeconomic drivers for change of urban air quality according to the above formula. We performed the global autocorrelation test, with Moran's I at 0.6621, showing significant spatial correlation. By analyzing correlation between different independent variables in SPSS software, we observed the correlation coefficient was < 0.8. Then, OLS was used to do model estimation, and it was observed that the variance inflation factor (VIF) of each variable was < 3.5 (much smaller than the critical value 10). This indicates the model has no multiple collinear problem (Yang et al., 2014) . OLS was used to estimate the constraint model with consideration of spatial correlation, showing that the LM (lag) was statistically more significant than LM (error). Moreover, steady R-LM (lag) was more significant than R-LM (error), so the spatial lag model was selected for analysis, with model estimates shown in Table 1 . From OLS estimation, R 2 = 0.284 and, in the spatial lag model estimate, R 2 = 0.691. Clearly, consideration of spatial correlation greatly enhances the fit of the model. From findings of the spatial lag model and based on comprehensive consideration of such factors as population clustering, economic development, urbanization, industrialization, energy con- sumption, social development, environmental regulation and technological progress, population density, urbanization, total civil vehicles automobiles, environmental protection investment had no significant impact on changes of urban air quality in China. Total energy consumption, percentage of industrial added value in GDP, and percentage of R&D expenditures in GDP showed significant positive correlation with AQI. With those three increasing by 1%, the AQI increased by 0.265%, 0.108% and 0.104% respectively. Energy consumption, mainly of coal resources, is an important cause of atmospheric environment degradation. As tested and verified in many studies, technological progress shows co-growth with this degradation, and is termed the "rebound effect" (Zhang and Fan, 2011) . Per capita GDP shows significant negative correlation with the AQI. With per capita GDP increasing by 1%, the AQI fell by 0.242% and urban air quality improved, i.e., economic development ameliorated the urban atmospheric environment. In view of the experiences of western developed countries, per capita GDP of 6000-8000 USD is the critical range for ambient air quality to improve. In 2013, China's urban per capita GDP reached 6880 USD, within the aforementioned range for improved air quality. According to the analytical determination of correlation between China's per capita GDP and AQI of 161 cities, the relationship between economic development and atmospheric environment evolution has already exceeded the top point of Environmental Kuznets Curve (EKC). However, because of the large regional gap in China, there is a large difference of influence degree of economic development for air quality in regions with different development stages.
Differentiation of socioeconomic factors for evolution of regional urban air quality
To avoid instability of the model from the limited number of samples, with comprehensive consideration of factors such as pollution severity, economic development stage and geographic distribution, the four regions of Beijing-Tianjin-Hebei (M 1 ), Changjiang River Delta (M 2 ), Pearl River Delta (M 3 ), and Shandong Peninsula (M 4 ) were selected for case analysis, national scope was represented by M 5 . For the independent variables, four indicators were chosen that are nationally important, i.e., economic growth, energy consumption, industri-alization, and technological progress. Upon testing, the four aforementioned regions were all applicable to the spatial lag model, with model estimates shown in Table 2 . Beijing-Tianjin-Hebei: The percentage of R&D expenditures in GDP and industrialization show a significant positive correlation, i.e., with the indicator value increasing, AQI increases and atmospheric environmental quality declines. Per capita GDP has a negative correlation with the AQI, i.e., with the indicator value increasing, AQI decreases and the atmospheric environment improves. In 2013, per capita GDP in the Beijing-Tianjin-Hebei region reached 8548 USD and the level of urbanization was high relative to national urban development (Zhao et al., 2012) . Thus it can be confidently asserted that the relationship between economic development and the ecological environment has passed the turning point of the EKC; Changjiang River Delta: The percentage of R&D expenditures in GDP, energy consumption, and industrialization show positive correlation with AQI, and per capita GDP shows a negative correlation. In 2013, per capita GDP in the Changjiang River Delta region reached 13,052 USD, so it can be asserted that the relationship between economic development and the ecological environment has passed through the EKC turning point; Pearl River Delta: Energy consumption had a significant positive correlation with AQI, and the percentage of R&D expenditures in GDP had a significant negative correlation. In view of the periodic rule for technological progress, the higher the level of technological development, the greater the total factor productivity is, the greater the resource utilization is, and the lower the unit output emission is. Guangdong is one of the regions with the highest development level of new-and high-technology industry in China , so technological progress has promoted the improvement of air quality; Shandong Peninsula: Per capita GDP had a significant negative correlation with AQI, i.e., the high per capital GDP of its cities, the lower the AQI, and the more excellent their air quality.
Socioeconomic drivers for the evolution of urban air quality in China
To conclude the above, at the national level, considering such factors as population clustering, economic growth, urbanization, industrialization, energy consumption, social development, environmental regulation and technological progress, four factors such as economic development, industrialization, energy consumption and technological progress show a sig-nificant correlation with changes of urban air quality. Economic development has a positive effect on improvement of atmospheric ambient air quality, industrialization, energy consumption, while technological progress have negative effects on the improvement of atmospheric air quality.
At the regional level, owing to differences in socioeconomic development, the four aforementioned factors varied in terms of significance, direction and strength of influence on urban air quality improvement. Economic development shows a positive effect on this improvement, the higher per capita GDP of a region, the stronger the effect of economic development on the improvement. Industrialization and energy consumption had a negative effect on improvement of urban air quality; the smaller the percentage of industrial added value in GDP, the stronger the negative effect of industrial development on that quality (Figure 9 ).
The effect direction and strength of technological progress for the improvement of air quality was significantly different for different stages of development. In Beijing-TianjinHebei, Changjiang River Delta and nationwide, the percentage of R&D expenditures in GDP shows a significant negative correlation with urban air quality, and the strength of negative impact declines accordingly. In the Pearl River Delta region, the percentage of R&D expenditures in GDP shows a significant positive correlation with urban air quality. Regarding the level of technical development across regions, it was determined as follows. In economically developed regions, while promoting the utilization of resources, technological progress leads to expansion of the scale of regional production activities and an increase in demand for resources and energies. This has a negative impact on the atmospheric environment. In economically undeveloped regions, the mode for technological progress in promoting economic development changes from extensive to central, with a relatively weak negative effect on environmental improvement.
Conclusions and discussion
Conclusions
(1) As the comparisons of various air quality indexes in 2013 and 2014 show, urban air quality declined significantly nationwide, and the worsening situation in regions with poor air quality became more obvious. The percentage of days compliance of urban air quality increased but air pollution deteriorated. Changes of urban air quality show a clear temporal coupling with regional socioeconomic activities. Urban air pollution shows a spatial pattern of "heavy in the east and light in the west, and heavy in the north and light in the south". Regional integration is obvious; the overall extent and distribution of regional urban air pollution have clearly different characteristics. Regarding the development stages of different regions, the formation and evolution of regional air pollution can be basically induced as "the pollution of key cities is aggravated-pollution of those cities spreads-regional overall pollution is aggravated-the key cities lead in pollution governance-regional pollution joint prevention and control is implemented-regional overall pollution is reduced".
(2) From analyzing the socioeconomic driving forces for changes of urban air quality in China, at the national level, energy consumption, industrialization and technological progress are the major factors in the worsening of urban air quality. Economic development is a significant driver for the improvement of that quality. Socioeconomic factors have different driving directions and strengths for improvement of the quality.
(3) According to the analysis and determination of correlation between per capita GDP and AQI of cities in the case regions, the relationship between national economic development and parts of the developed regions have exceeded the top point of EKC. The higher per capita GDP of a region, the stronger its positive effect on economic development is toward urban air quality improvement. In the developed regions, technological progress had an obvious negative impact on the atmospheric environment. In the undeveloped regions, technological progress shows a less negative impact on environmental improvement.
Discussion
Socioeconomic development is a key cause of degrading air quality, which is a widespread viewpoint verified by many studies. However, in view of the analytical results of the present study, with the promotion of economic development and urbanization level, the impact of socioeconomic factors fits the stages of regional development, and shows a significant periodic characteristic as follows. In various stages, the impact of different socioeconomic factors varied. Even in regions of similar socioeconomic development level, because of the impact of complex mechanisms of regional resources and environment plus other factors, the socioeconomic factors again had strongly variable impacts on air quality, in both direction and intensity. Therefore, addressing the means of control for worsening air quality does not mean comprehensively controlling the promotion of economic development and urbanization. However, based on comparative analysis of correlation between socioeconomic factors and air quality, it is necessary to select key factors and define the keynotes and direction of governance by having a grasp of current characteristics of regional development and resource and environmental bases.
The EKC relationship is observed between economic development and ambient changes in China, and most of the regions have not yet passed the turning point of the curve. Thus, the coercive and retarding effects of economic development on the ecological environment may both be observed over a long time in the future. Therefore, it is critical for resolving the conflict between economic development and worsening air quality to lift the development level of most regions, thereby passing the curve turning point in a short time. During this process, to minimize the negative impact of economic development, the key issue is to thoroughly change the mode of that development, and establish as soon as possible resource-saving and environmentally friendly development modes as well as mutual promotion and harmonious development of the economy and the environment. This can be done by relying on science, technology and innovation.
Given our limited number of samples, our summary of socioeconomic drivers of urban air quality changes in China is based only on empirical analysis of the country and several case regions. Since it is a systematic project to comprehensively test and verify the influence of socioeconomic development on air quality, it is necessary to accumulate data on a long-term and stable basis and sustain innovative methods.
